Thyroid eye disease (TED) is the most common orbital pathology seen and occurs in up to 50% of patients with Graves\' disease, an autoimmune disorder characterized by hyperthyroidism.[@i1552-5783-60-13-4336-b01] The hallmark features of TED are inflammation, excessive hyaluronan deposition, and increased fat and/or extraocular muscle/scar tissue. Orbital tissue remodeling and enlargement causes eye protrusion; neuropathy; double vision; and in severe cases, vision loss.[@i1552-5783-60-13-4336-b02] While TED is a destructive inflammatory disease, it is unclear how and why TED develops and there are few effective treatments.

Fibroblasts are sentinel cells that display tissue specific gene expression and can differ in their response to external stimuli based on tissue and/or disease origin.[@i1552-5783-60-13-4336-b03],[@i1552-5783-60-13-4336-b04] Fibroblasts are also key effector cells in tissue repair, inflammation, disease progression and immune function.[@i1552-5783-60-13-4336-b05] Resident orbital fibroblasts (OFs) and fibrocytes that accumulate in the orbit of TED patients are essential mediators of disease pathology.[@i1552-5783-60-13-4336-b06],[@i1552-5783-60-13-4336-b07] OFs from TED patients proliferate at a higher rate and differentiate into lipid accumulating fat cells more readily than OFs from non-TED patients.[@i1552-5783-60-13-4336-b08] The molecular mechanisms whereby OFs from TED patients differ from other fibroblasts are unclear.

The thyroid stimulating hormone receptor (TSHR) is the primary autoantigen in Graves\' disease and TED.[@i1552-5783-60-13-4336-b09],[@i1552-5783-60-13-4336-b10] In addition to being expressed on thyrocytes, TSHR is expressed by OFs from both normal and TED patients.[@i1552-5783-60-13-4336-b11] Thus, many aspects of TED pathophysiology may be caused by TSHR autoantibody-OF interactions. TSHR is a G-protein coupled receptor (GPCR) that induces cAMP production and the PI3K/Akt signaling cascade.[@i1552-5783-60-13-4336-b12] TSHR activation occurs through binding its natural ligand, thyroid stimulating hormone (TSH). In TED, TSHR signaling is activated by stimulatory autoantibodies that bind to the TSHR. While TSH and stimulatory antibodies activate similar TSHR signaling pathways, the pharmacodynamics of the activating antibodies cause sustained activation of the receptor.[@i1552-5783-60-13-4336-b13] TSHR signaling promotes hyaluronan production and adipogenesis in OFs from TED patients.[@i1552-5783-60-13-4336-b14],[@i1552-5783-60-13-4336-b15] In thyrocytes and certain cancers, TSHR signaling induces cellular proliferation through cAMP- and PI3K/Akt-dependent pathways.[@i1552-5783-60-13-4336-b12],[@i1552-5783-60-13-4336-b16] Production of cAMP leads to protein kinase A and cAMP response element-binding protein (CREB) activation, which in turn contribute to inflammatory mediator production and increased cell proliferation.[@i1552-5783-60-13-4336-b17],[@i1552-5783-60-13-4336-b18] Likewise, the PI3K/Akt cascade drives inflammatory gene expression, cell survival and proliferation.[@i1552-5783-60-13-4336-b19],[@i1552-5783-60-13-4336-b20]

In order to understand how TSHR stimulates adverse and unwanted proliferation in TED, we asked whether TSHR signaling activates expression of specific inflammatory and proliferation-inducing microRNAs (miRNAs). MiRNAs are endogenous, small RNAs that regulate physiology by suppressing target mRNA translation and/or increasing target mRNA degradation.[@i1552-5783-60-13-4336-b21] Aberrant expression of miRNAs is linked with fibrosis, cancer, cardiovascular disease, and autoimmunity.[@i1552-5783-60-13-4336-b22] Recently, altered miRNA expression has been detected in Graves\' disease and TED.[@i1552-5783-60-13-4336-b23][@i1552-5783-60-13-4336-b24]--[@i1552-5783-60-13-4336-b25] Interestingly, miR-146a and miR-155 are upregulated in TED orbital tissue compared to non-TED orbital tissue.[@i1552-5783-60-13-4336-b25] Currently, why these miRNA are upregulated in TED tissue is unclear. Both miR-146a and miR-155 have key roles in the inflammatory response and miR-155 overexpression promotes autoimmunity in mice.[@i1552-5783-60-13-4336-b26][@i1552-5783-60-13-4336-b27]--[@i1552-5783-60-13-4336-b28] Both miR-146a and miR-155 increase proliferation and cell survival by promoting PI3K/Akt signaling in follicular thyroid carcinoma and psoriasis, respectively.[@i1552-5783-60-13-4336-b29],[@i1552-5783-60-13-4336-b30] Therefore, we hypothesize that sustained TSHR signaling increases OF proliferation through the PI3K/Akt cascade directly, and also indirectly, by promoting expression of miR-146a and miR-155, which contributes to the proliferative pathophysiology of TED.

Methods {#s2}
=======

Cell Culture {#s2a}
------------

Primary human OFs were isolated and cultured using established explant techniques.[@i1552-5783-60-13-4336-b07] Samples were from either TED patients undergoing orbital decompression surgery (herein referred to as Graves\' OF or GOFs) or non-TED patients undergoing unrelated orbital surgery (herein referred to as non-TED or NOFs) at the Flaum Eye Institute. The non-TED patients did not have any inflammatory orbital diseases. Relevant clinical information including history of smoking, steroid use, and radiation treatment are listed in the [Table](#i1552-5783-60-13-4336-t01){ref-type="table"}. Once established, fibroblasts strains were characterized as previously described.[@i1552-5783-60-13-4336-b03],[@i1552-5783-60-13-4336-b08],[@i1552-5783-60-13-4336-b31] Sample collection followed the tenets of the Declaration of Helsinki and were approved by the Research Subjects Review Board at the University of Rochester Medical Center. Informed, written consent was obtained from all patients before surgeries. Explanted OFs were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics. All media and supplements were from Gibco (Carlsbad, CA, USA) and FBS was from Hyclone (Logan, UT, USA). LY294002, a specific PI3K/Akt inhibitor, was from Peprotech (Rocky Hill, NJ, USA).

###### 

Demographic Information for Clinical Subjects Used in This Study

  Status     Age at Surgery  Smoking Status   Previous Steroid Use    Radiation
  --------- ---------------- ---------------- ---------------------- -----------
  Non-TED          45        Yes              N/A                        N/A
  Non-TED          58        No               N/A                        N/A
  Non-TED          55        No               N/A                        N/A
  Non-TED         N/A        N/A              N/A                        N/A
  TED              47        No               Oral Prednisone           None
  TED              65        No               Oral Prednisone           None
  TED              27        Previously\*     None                      None
  TED              60        No               Oral Prednisone           None
  TED              54        Previously†      Oral Prednisone           None
  TED              63        Previously‡      Oral Prednisone           None

Subject stopped smoking 18 months before surgery.

Subject stopped smoking 5 months before surgery.

Subject stopped smoking 20 years before surgery.

Cell Proliferation Assay {#s2b}
------------------------

NOF and GOF strains were seeded in a 96-well plate at a density of 2500 to 5000 cells/well as previously described.[@i1552-5783-60-13-4336-b07] Cells were treated in triplicate with either 1X PBS (untreated), or bovine thyroid stimulating hormone (TSH, MilliporeSigma, Danvers, MA, USA) for 24 to 48 hours before addition of bromodeoxyuridine (BrdU) for 18 to 24 hours. The use of bovine TSH to stimulate the TSHR in orbital fibroblasts has been described previously.[@i1552-5783-60-13-4336-b15],[@i1552-5783-60-13-4336-b32],[@i1552-5783-60-13-4336-b33] Proliferation was measured with the BrdU cell proliferation assay kit (MilliporeSigma). Briefly, samples were fixed and stained with an anti-BrdU antibody followed by incubation with a corresponding horseradish peroxidase (HRP) conjugated secondary antibody. After incubation with HRP substrate, BrdU incorporation was assessed using a microplate reader (Varioskan Flash; Thermo Fisher Scientific, Waltham, MA, USA).

Gene Expression Knockdown Using siRNA {#s2c}
-------------------------------------

*TSHR* siRNA 1 and 2 (s1145 and s1146) were from Applied Biosystems (Silencer Select predesigned siRNAs; Applied Biosystems, Foster City, CA, USA). These siRNA target distinct sequences of the *TSHR* mRNA. A nonspecific, control siRNA (negative control \#1, Applied Biosystems) was used as a control. Cells were grown to 70% to 80% confluence in 96-well plates (for proliferation assay) or six-well plates (for RNA) and treated with the siRNAs mixed with RNAiMAX transfection reagent (Invitrogen, Carlsbad, CA, USA) in Opti-MEM I (Invitrogen) at a final concentration of 100 nM for 24 hours. Cells were incubated in DMEM containing 0.1% FBS for 24 hours prior to treatment as described.

Introduction of miRNA Mimics {#s2d}
----------------------------

MiRNA mimics (miR-146a, Cat. 4464066 ID "MC10722"; miR-155, Cat. 4464066 ID "MC28440"; and control Cat. 4464058) were obtained from Applied Biosystems. OFs were grown to 70% confluence in six-well plates and treated with miRNA mimics mixed with RNAiMAX in Opti-MEM I at 100 nM for 24 hours. Cells were incubated in DMEM containing 0.1% FBS for a further 24 hours before harvest.

Quantitative Real-Time PCR (qPCR) Detection of mRNA Levels {#s2e}
----------------------------------------------------------

RNA was extracted using a commercial kit (miRNeasy; Qiagen, Valencia, CA, USA). Purified RNA concentrations were measured with a spectrophotometer (NanoDrop 1000; Thermo Scientific). We used 150 ng of total RNA to generate cDNA using a reverse transcription kit (iScript; Bio-Rad Laboratories, Hercules, CA, USA). Gene expression was quantified with gene specific primers and a universal PCR master mix (SsoFast Evergreen; Bio-Rad Laboratories) using a real-time PCR detection system (CFX Connect; Bio-Rad Laboratories). Forward and reverse gene specific sequences are as follows: *IL-6*: GTACATCCTCGACGGCATC and ACCTCAAACTCCAAAAGACCAG; *IL-8*: GAGAGTGATTGAGAGTGGACC and ACTGATTCTTGGATACCACAGAG; *MCP1*: TGTCCCAAAGAAGCTGTGATC and ATTCTTGGGTTGTGGAGTGAG; *ZNRF3*: GAATATGGCTGGGTAGGAGTG and CTGGGTTTTCAGACACATCAAAG; *PTEN*: GGATTATAGACCAGTGGCACT and TCGTGTGGGTCCTGAATTG; *GAPDH*: ATGGAAATCCCATCACCATCTT and CGGCCCACTTGATTTTGG; and *18S* rRNA: TGAGAAACGGCTACCACATC and ACTACGAGCTTTTTAACTGC. *TSHR* mRNA expression was analyzed using a TaqMan Probe set (Cat no 4331182, Assay ID Hs01053846_m1) and Universal PCR master mix (both from Applied Biosystems). Both *18S* rRNA and *GAPDH* mRNA levels were used to normalize mRNA levels of *TSHR, IL6, IL8, MCP1, ZNRF3*, and *PTEN*.

Analysis of miRNA Expression {#s2f}
----------------------------

MiRNA cDNA was generated from 50 ng of total RNA using a TaqMan microRNA reverse transcription kit (Applied Biosystems) and qPCR was performed using TaqMan Universal PCR master mix. TaqMan primers were from Applied Biosystems (miR-146a-5p: 4427975 "000468", miR-155-5p: 4440886 "467534_mat", miR-16-5p: 4427975 "000391"and U6 snRNA: 4427975 "001973"). Both miR-16 and U6 snRNA levels were used to normalize miR-146a and miR-155 levels.

Western Blot Analysis {#s2g}
---------------------

Cells were homogenized with total cell lysis buffer (50 mM Tris-HCl pH 6.8, 2% sodium dodecyl sulfate) containing 1X protease inhibitor cocktail (Cell Signaling Technology, Inc., Danvers, MA, USA). Protein concentration was determined with the detergent compatible protein detection assay (Bio-Rad Laboratories). We separated 5 μg of protein via SDS-PAGE, transferred onto 0.45-μm PVDF membrane (Millipore, Danvers, MA), and blocked with 5% non-fat dry milk in 0.1% Tween 20 in 1X TBS. Antibodies targeting phospho-Akt (phospho-Ser473, rabbit anti-phospho-Akt cat. \# 4060) and total Akt (rabbit anti-Akt cat. \# 4691) were from Cell Signaling Technologies (Danvers, MA, USA). HRP-conjugated secondary antibodies were from Jackson Immunoresearch (West Grove, PA, USA). Chemiluminescent signals were captured using a VersaDoc imaging system (Chemidoc MP; Bio-Rad Laboratories). Densitometric analysis was performed with analysis software (ImageLab; Bio-Rad Laboratories).

Statistical Analysis {#s2h}
--------------------

All data was analyzed and graphed using graphing software (GraphPad Prism, version 8; GraphPad Software, La Jolla, CA, USA). All values are presented as mean ± SEM unless otherwise noted. Experiments were conducted in triplicate unless stated otherwise. Student\'s *t*-test and 1-way and 2-way ANOVA were used for statistical analysis where appropriate. Statistical significance is stated with values of *P* \< 0.05 (\* or \#); *P* \< 0.01 (\*\* or \#\#); and *P* \< 0.001 (\*\*\* or \#\#\#).

Results {#s3}
=======

TSHR Signaling Induces Proliferation Significantly More in TED Fibroblasts Compared to non-TED OFs {#s3a}
--------------------------------------------------------------------------------------------------

TSHR signaling drives multiple downstream events including cell growth and proliferation.[@i1552-5783-60-13-4336-b12],[@i1552-5783-60-13-4336-b16] Orbital fibroblasts (OFs) from both TED (herein referred to as Graves\' OFs or GOFs) and non-TED patients (non-TED OFs or NOFs) express TSHR.[@i1552-5783-60-13-4336-b34],[@i1552-5783-60-13-4336-b35] To investigate the role of TSHR signaling in OF proliferation the canonical TSHR ligand, TSH was used. Importantly, bovine TSH was used in these studies as it has a higher affinity for the TSHR than human TSH and thus results in stronger and more robust signaling.[@i1552-5783-60-13-4336-b36] Both NOF and GOF strains were stimulated with bovine TSH (1--50 mU/mL) for 48 hours. The cells were cocultured with the thymidine analog BrdU to serve as a measure of DNA synthesis and cell proliferation. Both NOFs and GOFs show a dose-dependent increase in TSH-induced proliferation ([Fig. 1](#i1552-5783-60-13-4336-f01){ref-type="fig"}A). GOFs show a significantly enhanced response to TSH compared to NOFs. At the lowest TSH dose used (1 mU/mL), NOFs failed to incorporate more BrdU than untreated samples while GOFs incorporated more than 2-fold the amount of BrdU. At 50 mU/mL TSH, GOFs incorporated BrdU over 7-fold baseline levels whereas NOFs only 3-fold baseline. Since GOFs respond more robustly to TSHR activation than NOFs, we investigated whether or not *TSHR* expression was different in the two groups ([Fig. 1](#i1552-5783-60-13-4336-f01){ref-type="fig"}B). Total RNA was extracted from untreated GOFs and NOFs and *TSHR* mRNA levels were analyzed by qPCR. GOFs expressed significantly higher levels of *TSHR* than NOFs.

![TSH and TSHR signaling stimulate proliferation in orbital fibroblasts. (A) OFs explanted from patients with TED (GOFs, black bars) or without TED (NOFs, clear bars) were treated with 1, 10, or 50 mU/mL TSH (or without TSH, untreated) for 48 hours. The nucleotide analog BrdU was added for 24 hours to measure DNA synthesis. After culture, cells were fixed and the BrdU label was detected by ELISA as described in the Methods section. TSH treatment resulted in a dose-dependent increase in OF proliferation. GOFs accumulated significantly more BrdU than NOFs at all TSH doses. Results are presented as means ± SEM from triplicate wells repeated in n = 4 NOF strains and n = 5 GOF strains. \#P \< 0.05, \#\#P\< 0.01, \#\#\#P \< 0.001 versus untreated samples. \*\*P\< 0.01, \*\*\*P \< 0.001 in GOF versus NOF samples of the same treatment. (B) Expression of TSHR mRNA was detected by qPCR in untreated NOFs (n = 4) and GOFs (n = 5). TSHR mRNA levels were normalized to GAPDH mRNA and 18S rRNA levels. GOFs had ∼1.25-fold more TSHR mRNA than NOFs, \*P \< 0.05. Relevant information on patient samples is given in the [Table](#i1552-5783-60-13-4336-t01){ref-type="table"}.](i1552-5783-60-13-4336-f01){#i1552-5783-60-13-4336-f01}

TSHR Expression and PI3K Signaling Are Required for TSH-Induced Proliferation {#s3b}
-----------------------------------------------------------------------------

As TSH-induced proliferation is greater in GOFs than NOFs and because GOFs express higher levels of *TSHR*, we examined whether TSH-driven proliferation was dependent upon *TSHR* expression. To test this, GOFs were treated with nonspecific control siRNA or *TSHR* specific siRNAs for 48 hours to reduce *TSHR* expression. *TSHR*-specific siRNA dramatically reduced *TSHR* mRNA levels (∼85% knockdown) compared to control siRNA ([Fig. 2](#i1552-5783-60-13-4336-f02){ref-type="fig"}A). GOFs were then incubated with or without TSH (50 mU/mL) for an additional 48 hours to analyze cellular proliferation levels ([Fig. 2](#i1552-5783-60-13-4336-f02){ref-type="fig"}B). In control siRNA samples, TSH addition led to a significant increase in cellular proliferation. *TSHR* siRNA dramatically attenuated TSH-driven proliferation revealing that *TSHR* expression is required. Furthermore, baseline proliferation was reduced in *TSHR*-siRNA--treated samples suggesting that *TSHR* is important for basal proliferation in GOFs.

![TSH-induced proliferation requires TSHR expression. (A) GOFs were treated with control or TSHR-specific siRNA for 48 hours and then TSH (1, 10, or 50 mU/mL) for an additional 48 hours. Afterwards, cells were collected and TSHR mRNA levels were detected by qPCR. TSHR mRNA levels were normalized as above. TSHR siRNA reduced TSHR mRNA levels by ∼85% compared to control siRNA, \*\*P \< 0.01. Similar results were obtained with a second TSHR siRNA that targets a different nucleotide sequence of the TSHR mRNA (data not shown). (B) GOFs treated with control or TSHR specific siRNA were also treated with or without 50 mU/mL TSH for 48 hours. Proliferation was quantified with BrdU incorporation as described. GOFs treated with TSHR siRNA incorporated significantly less BrdU than control siRNA samples. Results are presented as means ± SEM from triplicate wells and represent experiments repeated in n = 3 GOF strains. \#\#P \< 0.01 compared to vehicle sample. \*\*\*P \< 0.001 compared to control siRNA-TSH--treated sample.](i1552-5783-60-13-4336-f02){#i1552-5783-60-13-4336-f02}

We next examined the molecular mechanism(s) driving TSHR-dependent proliferation in GOFs. TSHR signaling can be coupled to Gα and Gq proteins that activate production of the secondary messengers, cAMP and PIP~3~.[@i1552-5783-60-13-4336-b15],[@i1552-5783-60-13-4336-b37] Since PIP~3~ activates the PI3K/Akt pathway to drive proliferation in many cell types including highly proliferative malignant cells,[@i1552-5783-60-13-4336-b38],[@i1552-5783-60-13-4336-b39] we tested whether PI3K/Akt signaling is needed for TSHR-induced proliferation in GOFs. The pharmacologic PI3K inhibitor, LY294002 was used to examine this.[@i1552-5783-60-13-4336-b40] GOFs were treated with vehicle or LY294002 in the presence or absence of TSH (10 or 50 mU/mL) for 48 hours to allow cellular proliferation ([Fig. 3](#i1552-5783-60-13-4336-f03){ref-type="fig"}A). TSH induced proliferation in a dose-dependent manner. Inhibition of PI3K using LY294002 resulted in a block of cell proliferation. PI3K/Akt signaling was monitored by analyzing Akt phosphorylation by Western blot ([Fig. 3](#i1552-5783-60-13-4336-f03){ref-type="fig"}B). TSH treatment resulted in a dose-dependent increase in phospho-Akt levels. LY294002 blocked Akt phosphorylation.

![TSHR-driven proliferation is PI3K/AKT dependent in GOFs. (A) GOFs were treated with TSH (10 or 50 mU/mL) for 48 hours in the presence of BrdU to measure cell proliferation. Some cells were also exposed to the specific PI3K/Akt inhibitor, LY294002 (10 μM) to block Akt signaling. LY294002 completely blocks TSH-induced OF proliferation. Results are presented as means ± SEM from triplicate wells and represent experiments repeated in n = 3 GOF strains. \#\#\#P \< 0.001 versus vehicle. \*\*\*P \< 0.001 versus TSH only. (B) Representative Western blot showing TSH induces a dose-dependent increase in the phosphorylation of AKT and this phosphorylation is blocked by LY294002. Total Akt levels serve as a loading control.](i1552-5783-60-13-4336-f03){#i1552-5783-60-13-4336-f03}

TSHR Signaling Induces Cytokine and Inflammation-Related miRNA Production {#s3c}
-------------------------------------------------------------------------

While TSHR signaling drives proliferation through PI3K/Akt signaling directly, we examined other pathways that may be important for promoting proliferation and/or proinflammatory signaling related to TED pathophysiology. Cytokines such as IL-6, IL-8, and MCP-1 are produced at high levels by OFs from TED patients.[@i1552-5783-60-13-4336-b20],[@i1552-5783-60-13-4336-b41],[@i1552-5783-60-13-4336-b42] The cytokine IL-6 stimulates proliferation and TSHR activation has been shown to increase IL-6 expression in fibrocytes from TED patients.[@i1552-5783-60-13-4336-b43] Thus, the role of TSHR in regulating these inflammatory mediators in GOFs was examined. TSHR activation results in a significant upregulation of *IL6*, *IL8*, and *MCP1* gene expression in GOFs ([Fig. 4](#i1552-5783-60-13-4336-f04){ref-type="fig"}). Since these canonical inflammatory genes were induced through TSHR signaling in GOFs, the expression of other inflammatory-related factors was analyzed. MiRNAs are important regulatory mediators that influence inflammation and cellular proliferation. Both miR-146a and miR-155 are important inflammatory mediators that also regulate proliferation.[@i1552-5783-60-13-4336-b27],[@i1552-5783-60-13-4336-b29],[@i1552-5783-60-13-4336-b30] To determine if miR-146a and miR-155 are stimulated by TSH, GOFs were incubated with TSH (1--50 mU/mL) for 48 hours and then RNA extracted, and miRNA levels were analyzed by qPCR. TSH treatment led to a robust increase in miR-146a levels ([Fig. 5](#i1552-5783-60-13-4336-f05){ref-type="fig"}A) and a moderate, yet significant increase in miR-155 levels ([Fig. 5](#i1552-5783-60-13-4336-f05){ref-type="fig"}B).

![TSHR signaling in GOFs induces inflammatory cytokine expression. GOFs were treated with or without TSH (1, 10, 50 mU/mL) for 48 hours and then total RNA was extracted and subjected to analysis by qPCR for inflammatory cytokine mRNA expression. Expression was normalized as described above. (A) IL6, (B) IL8, and (C) MCP1 mRNAs were dose dependently induced by the TSHR ligand, TSH (\*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001 versus untreated control samples). Data are expressed as mean ± SEM of triplicate measurements and are representative of three independent experiments performed in three different GOF strains.](i1552-5783-60-13-4336-f04){#i1552-5783-60-13-4336-f04}

![TSHR signaling in GOFs induces miR-146a and miR-155 expression. GOFs were treated with or without TSH (1, 10, or 50 mU/mL) for 48 hours and then total RNA was extracted and subjected to analysis by qPCR for miRNA expression. miR-146a and miR-155 expression levels were normalized to U6 snRNA and miR-16 levels. (A) miR-146a and (B) miR-155 were dose-dependently induced by TSH. (\*\*P \< 0.01, \*\*\*P \< 0.001 versus untreated control samples). Data are expressed as mean ± SEM of triplicate measurements and are representative of three independent experiments performed in three different GOF strains.](i1552-5783-60-13-4336-f05){#i1552-5783-60-13-4336-f05}

TSH-Mediated Induction of MiR-146a and MiR-155 Requires *TSHR* Expression {#s3d}
-------------------------------------------------------------------------

Since TSH induced miR-146a and miR-155 levels in GOFs, we tested whether this was *TSHR*-dependent. GOFs were treated with either nonspecific control siRNA or *TSHR* specific siRNA followed by treatment with 1 to 100 mU/mL TSH for 48 hours. After treatment, RNA was isolated and miRNA expression analyzed by qPCR. MiR-146a expression was induced by TSH in control siRNA treated samples ([Fig. 6](#i1552-5783-60-13-4336-f06){ref-type="fig"}A). Depletion of *TSHR* expression completely blocked miR-146a induction. MiR-155 levels were induced at 10, 50, and 100 mU/ml TSH in control siRNA-treated samples ([Fig. 6](#i1552-5783-60-13-4336-f06){ref-type="fig"}B). TSH-induced miR-155 levels were attenuated in cells depleted of *TSHR*.

![TSH-mediated induction of miR-146a and miR-155 is TSHR-dependent. GOFs treated with control or TSHR specific siRNA for 48 hours were then incubated with or without 1, 10, 50, or 100 mU/mL TSH for 48 hours. Total RNA was then extracted and analyzed by qPCR for miR-146a, miR-155 and U6 snRNA (control). While (A) miR-146a and (B) miR-155 were dose-dependently induced by TSH in the control siRNA samples, TSHR siRNA samples did not show TSH induced miRNA expression. Results are presented as means ± SEM from triplicate wells and represent experiments repeated in n = 3 GOF strains. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001 versus no TSH control. \#\#P \< 0.01, \#\#\#P \< 0.001 versus control siRNA-TSH--treated samples.](i1552-5783-60-13-4336-f06){#i1552-5783-60-13-4336-f06}

Since TSH induces proliferation in GOFs significantly more than in NOFs, and as TSHR signaling increases miR-146a and miR-155, we asked whether GOFs upregulate miR-146a and miR-155 expression to a greater extent than NOFs. To accomplish this, both GOFs and NOFs were incubated with TSH (1--50 mU/mL) for 48 hours. Afterwards, total RNA was isolated and miR-146a and miR-155 levels were measured. MiR-146a was not induced at 1 mU/mL TSH in NOFs but was increased ∼3-fold in GOFs ([Fig. 7](#i1552-5783-60-13-4336-f07){ref-type="fig"}A). At both 10 and 50 mU/mL TSH, miR-146a was induced in NOFs; however, the induction in GOFs was significantly greater. While miR-155 expression was significantly induced in GOFs at 10 and 50 mU/mL TSH, miR-155 levels were not induced in NOFs ([Fig. 7](#i1552-5783-60-13-4336-f07){ref-type="fig"}B). Therefore, miR-146a and miR-155 are significantly elevated by TSH in OFs from TED patients compared to non-TED patient OFs.

![TED OFs induce higher levels of miR-146a and 155 than non-TED OFs. OFs from patients with TED (GOFs, black bars) or without TED (NOFs, clear bars) were treated with 1, 10, or 50 mU/mL TSH (or without TSH, untreated) for 48 hours. Then, total RNA was extracted and analyzed by qPCR for miR-146a, miR-155 and U6 snRNA (control). miRNA levels were normalized to U6 snRNA levels. (A) MiR-146a levels were induced by TSH in NOF and GOF samples. (B) MiR-155 levels were induced in GOF samples but not in NOF samples. Furthermore, in TSH-treated GOF samples, both miR-146a and miR-155 were significantly higher than in TSH treated NOF samples. Results are presented as means ± SEM from triplicate wells and represent experiments repeated in n = 3 NOF and n = 3 GOF strains. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001 versus no TSH control. \#P \< 0.05, \#\#\#P \< 0.001 versus NOF versus GOF samples of the same TSH treatment.](i1552-5783-60-13-4336-f07){#i1552-5783-60-13-4336-f07}

MiR-146a and MiR-155 Target ZNRF3 and PTEN to Promote Proliferation in TED OFs {#s3e}
------------------------------------------------------------------------------

Because miR-146a and miR-155 are significantly elevated in TSH-treated GOFs compared to NOFs and since these miRNAs promote cellular proliferation in other cells, key miR-146a and miR-155 target gene expression was analyzed. GOFs were treated with TSH as described for 48 hours and total RNA was isolated. As shown above, miR-146a and miR-155 levels were induced by TSH ([Fig. 8](#i1552-5783-60-13-4336-f08){ref-type="fig"}A). *ZNRF3*, a miR-146a target gene that inhibits cell proliferation in osteosarcoma cells,[@i1552-5783-60-13-4336-b44] was analyzed by qPCR in untreated and TSH treated GOFs ([Fig. 8](#i1552-5783-60-13-4336-f08){ref-type="fig"}B, left panel). Interestingly, *ZNRF3* was dose dependently decreased by TSH in GOFs. Next, *PTEN*, a miR-155 target gene and inhibitor of PI3K/Akt induced proliferation, was also analyzed by qPCR ([Fig. 8](#i1552-5783-60-13-4336-f08){ref-type="fig"}B, right panel). Like ZNRF3, *PTEN* was reduced by TSH in a dose-dependent manner in GOFs. To test if ZNRF3 and *PTEN* are targeted by miR-146a and miR-155 in GOFs, control or miRNA mimics were introduced into GOFs and after 48 hours, RNA isolated and analyzed by qPCR ([Fig. 8](#i1552-5783-60-13-4336-f08){ref-type="fig"}C). ZNRF3 mRNA levels were significantly reduced by miR-146a. Likewise, *PTEN* mRNA levels were attenuated by exogenous expression of miR-155.

![TSHR-induced miR-146a and miR-155 downregulate their target genes ZNRF3, and PTEN to increase proliferation. OFs were treated with 1, 10, or 50 mU/mL TSH for 48 hours. Afterwards, cells were harvested and total RNA isolated and analyzed by qPCR. (A) MiR-146a and miR-155 levels were analyzed as described above. Both miR-146a and miR-155 were dose-dependently induced by TSH. (B) MiR-146a target, ZNRF3, and miR-155 targets PTEN mRNA levels were analyzed by qPCR. Expression was normalized by 18S rRNA levels. The expression of ZNRF3 and PTEN were all dose-dependently reduced by TSH. (C) GOFs were treated with either control, miR-146a or miR-155 miRNA mimics for 48 hours. Total RNA was then extracted and analyzed by qPCR for ZNRF3 and PTEN. ZNRF3 mRNA levels were reduced by miR-146a over-expression and PTEN mRNA levels were reduced by miR-155 over-expression. Results are presented as means ± SEM from triplicate wells and represent experiments repeated in n = 3 GOF strains. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001 versus no TSH control.](i1552-5783-60-13-4336-f08){#i1552-5783-60-13-4336-f08}

Discussion {#s4}
==========

Taken together, the data presented herein demonstrate that TSHR signaling in GOFs stimulates PI3K/Akt-dependent proliferation directly and indirectly through induction of miR-146a and miR-155 ([Fig. 9](#i1552-5783-60-13-4336-f09){ref-type="fig"}). These two miRNAs enhance proliferation by reducing target gene expression (*ZNRF3* and *PTEN*) that would attenuate cellular proliferation. Additionally, miR-146a and miR-155 are induced to a greater extent in OFs from TED patients than those from non-TED patients. This may explain, in part, the proliferative pathophysiology observed in TED. Additionally, these studies present new genes that may be involved in TED pathophysiology. Namely, *ZNRF3*, a GSK3β/β-catenin pathway inhibitor,[@i1552-5783-60-13-4336-b44] and *PTEN*, a tumor suppressor and inhibitor of PI3K signaling.[@i1552-5783-60-13-4336-b29],[@i1552-5783-60-13-4336-b45] Future studies defining the role of these genes (and the loss of their expression) in TED are warranted.

![TSHR mediated signaling induced OF proliferation through Akt signaling and induction of miR-146a and miR-155. The model shows that TSHR signaling promotes cell proliferation in TED through multiple pathways. The TSHR canonical ligand, TSH or stimulatory anti-TSHR antibodies (as detected in the majority of TED patients) signal through the receptor and activate downstream G protein signaling inducing both PIP~3~ and cAMP secondary messengers. PIP~3~ activates the canonical PI3K/Akt pathway resulting in phosphorylation of Akt and subsequent cellular proliferation pathways (Akt phosphorylation can be blocked by the PI3K inhibitor, LY294002). TSHR signaling also upregulates expression of inflammatory cytokines and the inflammation related miRNAs, miR-146a and miR-155. These miRNAs in turn regulate cell proliferation inhibitors including PTEN and ZNRF3. The resultant downregulation of these target genes leads to an enhanced proliferative response, which is a major pathophysiological response observed in TED.](i1552-5783-60-13-4336-f09){#i1552-5783-60-13-4336-f09}

While the canonical ligand of TSHR is TSH, activation of the receptor in TED occurs through interactions with stimulatory anti-TSHR autoantibodies that accumulate in the orbit of afflicted individuals.[@i1552-5783-60-13-4336-b13],[@i1552-5783-60-13-4336-b46] Stimulatory anti-TSHR antibodies, like TSH, activate cAMP and PI3K cascades. However, due to different pharmacodynamics and increased stability of the autoantibodies, they lead to a longer period of sustained activation of the receptor.[@i1552-5783-60-13-4336-b13],[@i1552-5783-60-13-4336-b15] In the current study, TSH was used to activate TSHR. As TSHR stimulatory antibodies drive similar pathways with persistent activation, miR-146a and miR-155 levels may be even further induced by antibody-receptor interactions. It may be that miR-146a and miR-155 are elevated in TED orbital tissue due to the presence of stimulatory antibodies in the orbit.[@i1552-5783-60-13-4336-b25] Additionally, basal TSHR-induced signaling can occur, even in the absence of detectable ligands or stimulatory antibodies.[@i1552-5783-60-13-4336-b17],[@i1552-5783-60-13-4336-b18] Since GOFs express more TSHR than NOFs, they likely have increased basal signaling activity that can increase TSHR-mediated proliferation and signaling. This is consistent with previous reports showing that basal proliferation rates are increased in GOFs compared to NOFs.[@i1552-5783-60-13-4336-b08] Furthermore, our data support the concept that *TSHR* expression is important for basal proliferation rates as TSHR knockdown reduced proliferation, in both untreated and TSH-treated cells.

Excessive proliferation of OFs is a central component of TED and drives further pathophysiology.[@i1552-5783-60-13-4336-b10] As the number of fibroblasts in the orbit increases, their ability to drive orbital remodeling through continued activation, hyaluronan and inflammatory mediator production also increases.[@i1552-5783-60-13-4336-b41],[@i1552-5783-60-13-4336-b47] Furthermore, fibroblasts can differentiate into either adipocytes, which make up extraocular fat compartments, or scar forming myofibroblasts that form extraocular muscle components.[@i1552-5783-60-13-4336-b07],[@i1552-5783-60-13-4336-b08],[@i1552-5783-60-13-4336-b48] Here, we show that TSHR driven miR-146a and miR-155 expression promote proliferation by targeting genes that normally inhibit cell growth. Increased expression of miR-155 promotes proliferation and apoptosis in psoriasis.[@i1552-5783-60-13-4336-b29] Furthermore, overexpression of miR-155 in hematopoietic stem cells causes myeloproliferative disease in mice.[@i1552-5783-60-13-4336-b49] Thus, in addition to driving proliferation in TED, miR-155 is an important factor in other inflammatory diseases.

MiR-155 may play additional roles in TED pathophysiology. In macrophages, miR-155 increases expression of inflammatory cytokines such as IL-6 and TNFα by targeting the suppressor of cytokine signaling 1 (*SOCS1*) gene.[@i1552-5783-60-13-4336-b50] MiR-155 promotes collagen production in systemic sclerosis fibroblasts and increases myofibroblast formation.[@i1552-5783-60-13-4336-b51] In contrast, miR-155 limits adipogenesis and fat cell formation in 3T3-L1 cells.[@i1552-5783-60-13-4336-b52] Therefore, it is possible that in TED, miR-155 drives proliferation, inflammatory signaling and myofibroblast formation to promote extraocular muscle enlargement in TED as opposed to increasing fat cell formation.

While the impact of increased miR-155 points to TED pathophysiology, the effects of increased miR-146a expression in GOFs may be more heterogeneous. Here, we show that miR-146a levels promote increases in OF proliferation. Interestingly, miR-146a can block expression of the PI3K inhibitor, *ST8SIA4* in follicular thyroid carcinoma cells, thereby increasing their proliferation rate.[@i1552-5783-60-13-4336-b30] Recently, miR-146a overexpression was shown to limit TGFβ-induced myofibroblast formation in GOFs by targeting SMAD4.[@i1552-5783-60-13-4336-b24] Additionally, miR-146a was shown to limit LPS induced inflammatory signaling and autoimmunity in mice.[@i1552-5783-60-13-4336-b53] Thus, miR-146a expression may limit additional features of TED pathophysiology including scarring and inflammation. This suggests that there may be a critical balance between miR-146a and miR-155 levels in TED. When miR-155 signaling overcomes miR-146a, disease symptoms may develop and/or worsen. In contrast, when miR-146a signaling overcomes miR-155, inflammation and scarring may be attenuated. Therefore, in TED pathophysiology, miR-155 functions may outweigh anti-inflammatory miR-146a targets. Interestingly, this concept fits with our data showing that when TSHR signaling is activated, NOFs produce lower levels of miR-155 than similarly treated GOFs. A similar clash between miR-155 and miR-146a networks was found in T cell-mediated immunity.[@i1552-5783-60-13-4336-b54]

Although this study demonstrates that TSHR signaling in GOFs stimulates PI3K/Akt-dependent proliferation directly and indirectly through induction of two miRNAs, there are limitations. Even as OFs are key meditators of TED, there are several other cell types that play a role in disease. T cells, B cells, and macrophages also infiltrate the orbit during disease.[@i1552-5783-60-13-4336-b55] T cells can activate OFs to proliferate and differentiate into adipocytes and/or scar forming cells.[@i1552-5783-60-13-4336-b56],[@i1552-5783-60-13-4336-b57] It may be interesting to test how T cells interact with OFs when TSHR signaling is activated by TSH or anti-TSHR antibodies. Additionally, activated OFs may further stimulate T cells through cytokine production. Further studies involving animal models or primary human orbital tissue will help determine the role of TSHR signaling and miRNA expression in vivo. Nonetheless, these studies are the first to show that TSHR signaling induces changes in miRNA expression in orbital fibroblasts and highlight the power of miRNA to regulate pathology of TED.
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